The selective control of O-H/O-D bond dissociation in reduced dimensionality model of HOD molecule has been explored through IR+UV femtosecond pulses. The IR pulse has been optimized using simulated annealing stochastic approach to maximize population of a desired low quanta vibrational state. Since those vibrational wavefunctions of the ground electronic states are preferentially localized either along the O-H or O-D mode, the femtosecond UV pulse is used only to transfer vibrationally excited molecule to the repulsive upper surface to cleave specific bond, O-H or O-D. While transferring from the ground electronic state to the repulsive one, the optimization of the UV pulse is not necessarily required except specific case. The results so obtained are analyzed with respect to time integrated flux along with contours of time evolution of probability density on excited potential energy surface. After preferential excitation from |0, 0 (|m, n stands for the state having m and n quanta of excitations in O-H and O-D mode, respectively) vibrational level of the ground electronic state to its specific low quanta vibrational state (|1, 0 or |0, 1 or |2, 0 or |0, 2 ) by using optimized IR pulse, the dissociation of O-D or O-H bond through the excited potential energy surface by UV laser pulse appears quite high namely, 88% (O-H ; |1, 0 ) or 58% (O-D ; |0, 1 ) or 85% (O-H ; |2, 0 ) or 59% (O-D ; |0, 2 ). Such selectivity of the bond breaking by UV pulse (if required, optimized) together with optimized IR one is encouraging compared to the normal pulses.
I. INTRODUCTION
Controlling chemical events in a desired manner has been, and will always be a much sought after endeavour of any chemist, be it an experimentalist or a theoretician. However, the traditional way of studying reactions is mostly thermal, but unfortunately, the thermal way is not a prudent choice for channelizing or dictating a reaction to go in a desired specific direction. On the contrary, if light is used to control and to follow chemical transformations, a high degree of control can be achieved like dissociating a particular bond selectively in a polyatomic molecule. Specifically, a time dependent perturbation induced by an external radiation field with a properly designed pulse shape can, to a high degree of specificity, generate the desired results in a chemical transformation. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] There are many examples [12] [13] [14] [15] in which different standard pulse shape functions such as Gaussian, triangular, saw-toothed, sine squared, etc., have been used to follow target excitations in vibrational levels with high accuracy and specificity.
The problem of state specific vibrational excitation or maximizing the dissociation probability in simple diatomic molecules, modelled by Morse potentials, though intellectua) Author to whom correspondence should be addressed. Electronic mail:
pcsa@iacs.res.in ally illuminating and allowing the user to develop the necessary theoretical tools, is rather academic or pedagogic from the point of view of contemporary research in the field. On the contrary, the low quanta vibrational excitation to specific level of the ground electronic state and dissociation of a desired bond of a triatomic molecule through repulsive surface are the nontrivial attempts for controlling chemical reaction both by experimental technique as well as theoretical methodology. The HOD molecule is a model system to test different theoretical approaches to state selective vibrational excitation 14, 15 or selective cleaving of bond due to availability of accurate potential energy surfaces 19, 40, 41 and dipole moment functions. 21, 27 Since the stretching frequencies of O-H and O-D in HOD are far apart, 14, 19, 21, 22, 27 the preferential accumulation of wavefunction in H+O−D or H−O+D channel can be achieved by IR pulse with carrier frequency corresponding to those of O-H or O-D stretches, respectively. 19, 21, 22, 27, 36 On the other hand, as the first excited electronic state is purely repulsive one with a saddle point barrier which separates the H+O−D and H−O+D channels, 40, 41 while transferring the vibrationally excited molecule to the upper surface by UV pulse, the barrier height of repulsive surface prevents crossover from one channel to the other and thereby, the desired bond breaks selectively. either fundamental or low quanta overtone of O-H/O-D mode followed by appropriate UV field has there been reported experimentally, 20, [23] [24] [25] [26] 30 which was termed as vibrationally mediated photochemistry. 42 The preferential dissociation of O-H bond has been proposed 17-19, 21, 22, 25, 27 and realized experimentally using the ground vibrational state and low/high overtone excitation of the O-H bond by many groups. 20, [23] [24] [25] [26] The Time Dependent Wave Packet (TDWP) calculations 19, 20 predict three (3) or more quanta of excitation in O-D mode is necessary for preferential breaking of O-D mode, whereas only one quanta of excitation is required in case of O-H mode to enhance selectivity. These TDWP calculations show that there is no preferential dissociation of O-D bond with one quanta of excitation in O-D mode and is supported by experiment. 26 The remarkable preferential dissociation in O-D mode has been shown experimentally mediated by (5) five quanta of excitation in O-D mode. 36 Indeed, these predictions were based on semiclassical TDWP calculations employing δ-function type pulses. Since even a moderately intense IR pulse distributes population in combination of excited vibrational states not in pure O-H/O-D overtone, 27 , 39 theoretical calculations employing those vibrationally excited states as the initial state to pump the probability density to the upper repulsive surface by UV pulse for selective bond dissociation may not be experimentally realizable. The state selective vibrational excitation [12] [13] [14] [15] mechanism for model OH and HOD system has been proposed using analytical and numerical pulse shapes under the framework of optimal control theory (OCT) as well, but in all those calculations, the target vibrational states are much higher. However, several attempts 29, 35, 38 have also been reported for selective bond dissociation of same system (HOD) using simple as well as OCT optimized UV pulses under various constrains over pulse parameters.
An interesting and important problem is how to selectively cleave a particular bond in a molecule, leaving the rest of the molecule as it is, by using optimally designed laser pulse shapes. It is our purpose to investigate selective bond breaking in reduced dimensionality model of HOD molecule through lower quanta vibrational excitation using optimized field attributes. Since the lower quanta vibrational wavefunctions are preferentially localized along O-H or O-D mode, selective vibrational IR excitation can efficiently help to dissociate O-H or O-D bond while pumping either by a simple or an optimized (if required) UV pulse. Therefore, optimization of the IR pulse is much more important for selective dissociation than the UV one in our two step mechanism for the increase of time integrated flux. The optimization of the pulse fields has been performed by using a stochastic approach called simulated annealing (SA), where the profile of the IR and UV pulse field are optimized by maximizing the population of a targeted vibrational state and the flux in a desired mode, respectively. The dissociation of the HOD molecule in a specific channel is to explore the validity of simulated annealing stochastic approach for optimization of IR pulse to selectively populate lower vibrational levels and then, to pump on the upper electronic state with simple or optimized UV pulse.
Section II deals with details of the Hamiltonian and laser field profile and is followed by section on stochastic approach and a section on initialization, time propagation, and flux analysis. A discussion of prominent results and summary of main findings conclude this article.
II. THE HAMILTONIAN AND THE LASER FIELD PROFILE
We consider two-dimensional model Hamiltonian for the triatomic molecule HOD, neglecting bending and rotation mode, 17, 27 where r 1 and r 2 refer the O-H and O-D stretches, respectively. The conjugate momenta are denoted by p 1 (O-H) and p 2 (O-D). The kinetic energy operator is given byT
and θ is the fixed (equilibrium) bending angle of 104.52
• for HOD.
We consider two electronic states of the molecule (HOD) in our calculation, namely, the electronic ground state and the first electronically excited state. A laser in the infrared (ir) region and another one in the ultraviolet (uv) region are allowed to interact with the molecule. The time evolution associated with the nuclear motion can then be calculated from the timedependent Schödinger equation,
where the wavefunctions associated with nuclear motion on the ground and the excited electronic state are ψ g ≡ ψ g (r 1 , r 2 , t) and ψ e ≡ ψ e (r 1 , r 2 , t), respectively. The nuclear Hamiltonians for the two states are described byĤ g =T + V g and H e =T + V e .Ĥ ir (t) andĤ uv (t) are the interaction between the molecule with IR and UV laser, respectively. At this point, we specify the details of the Hamiltonian in Eq. (3) for HOD molecule, where two Morse oscillators and a coupling term 19, 43 are taken to represent the potential energy surface associated with the electronic ground state,
with D = 0.2092 hartree, α = 1.13 a (6) and χ (r i , r j ) = 1 − exp − δr
is a cutoff function. The three-body term has the form:
where P i refers polynomial up to sixth order with three variables, S j = r j − 1 Å (j = 1,2,3). The parameters c i , α j , and δ together with the polynomials P i and the Morse parameters are given in Table I of Ref. 40 .
The interaction with the laser field can be written aŝ
where a(t) is the envelope of the pulse, ω ir is the carrier frequency, and E ir 0 denotes the maximum amplitude of the IR pulse. We consider a Gaussian pulse,
where t l gives the pulse length and t ir is the peak time for the maximum amplitude of the IR pulse. The pulse width of the Gaussian pulse is defined as the full width at half-maximum where μ 0 = 7.85 D/Å and r * = 0.6 Å. The plane XZ is molecular plane of HOD with Z axis as bisector. If X polarized electric field of the exciting IR laser is considered, the interaction of the IR field and molecule is given bŷ
where
and
The transition dipole function was calculated by ab initio methods only within a small region (r 1 , r 2 ≤ 2.6a 0 ) and has been fitted to the expression, 21, 27 μ ge = 2.225 1 + e β(r 1 −r 0 ) + 2.225 1 + e β(r 2 −r 0 ) .
The transition dipole moment vector, μ ge , is perpendicular to the molecular plane, 40 and the electric field vector of the UV-laser field is considered as parallel to the dipole moment vector. Thus, the interaction with the UV laser would be,
where we consider a Gaussian pulse shape,
with ω uv is the pumping frequency from ground to the upper electronic state and E uv 0 denotes the maximum amplitude of the UV pulse.
III. PULSE OPTIMIZATION: A SIMULATED ANNEALING BASED STOCHASTIC APPROACH
We explore the idea of designing optimized pulses, especially, those for the IR excitation to selected low quanta vibrational levels in the ground electronic state and then, for UV pumping generally by simple pulses from the ground state to the excited one of the HOD molecule. The IR pulse to be optimized could be expressed as a linear combination of individual Gaussian pulses:
The parameters E (17) is over eight individual pulse shape. This optimized IR pulse shape function is used as part of the time dependent potential energy term of the Hamiltonian (see Eqs. (9) and (12)) for the selective lower quanta vibrational excitation from |0, 0 level to either |1, 0 or |0, 1 or |2, 0 or |0, 2 of the ground electronic state. The initial and optimized parameters of the IR pulse are presented in Tables I-IV. Since the lower quanta vibrational wavefunctions are preferentially localized along O-H or O-D mode, selective vibrational IR excitation can efficiently help to dissociate O-H or O-D mode while pumping by a simple UV pulse. Therefore, optimization of the IR pulse is much more important for selective dissociation than the UV one in our two step proposed mechanism to increase the time integrated flux. If required, we optimize a single UV pulse rather than a linear combination of pulses, where the trial form of the UV pulse is taken as
where represent intensity, frequency, width, and combining coefficient, respectively, of the ith UV pulse. At present case, we keep only one of the combining coefficient to maximize the dissociative flux, where the parameters of the UV pulse (see Table V) are optimized by using simulated annealing technique to pump from the ground electronic state to the excited repulsive surface. It appears that we need to optimize the UV pulse parameters only when the molecule is transferred from vibrationally excited |0, 1 level to the repulsive surface.
The process of finding the optimized pulse parameters is a non-trivial task. An initially chosen set of parameters and the optimized ones too are obviously be such that the corresponding pulse should be experimentally realizable. Optimizers can be both deterministic or stochastic. Deterministic optimizers are in general not real global optimizers, i.e., if there is a possibility of multiple solutions to be found out, it will always seek out the one which is nearest to the initially chosen trial solution. On the other hand, stochastic optimizers are truly global, use concepts of random walk and Markov chains, and are able to find out the correct global or best solution independent of the starting point. We will use a stochastic optimization based search to generate the pulse shape, which will be fed into the time dependent Schrödinger equation.
IV. INITIALIZATION, TIME PROPAGATION, FLUX ANALYSIS, AND OPTIMIZATION
We solve Eq. (3) numerically on two-dimensional grid with the initial condition (t = 0), where ψ g is the vibrational wavefunction of the ground electronic state of HOD molecule,
and ψ e = 0. The vibrational eigenstates (|χ i ) are obtained employing two-dimensional Fourier grid Hamiltonian method. 47 The kinetic energy operator of the Hamiltonian is effected using two-dimensional fast Fourier transform (FFT) algorithm 48 and the time propagation is performed using the Lanczos scheme. 49 A linear imaginary potential is used asymptotically on both the modes to avoid unphysical reflection from the boundary. The functional form of the imaginary potential is:
where V max = 0.6 a.u., r max = 10 a 0 , and r d = 7.5 a 0 . The parameters are adjusted with the convergence profile of time integrated flux in both the channels. The time integrated total flux in the channels, H + O−D and H−O + D are given by
where j i = (ψ * ∂ψ ∂r i
− ψ ∂ψ *
∂r i
). μ i and r d i are the reduced mass, and a grid point in the asymptotic region of the ith channel (O-H/O-D) .
In order to transfer maximum population from |0, 0 to low quanta vibrational levels of the ground electronic state and to pump from the lower state to the repulsive one for selective OH/OD bond dissociation, we need to optimize the IR pulse and if necessary, the UV pulse by using Simulated Annealing technique. While employing SA as stochastic technique, an objective function (also called as cost function) is defined as: cost = (X pop − 1) 2 , where X pop (=| χ i |ψ g (t) | 2 , χ i is the eigenstate ofĤ g ) is the population in the ith target vibrational level of the ground electronic state of the molecule HOD after certain period of time propagation employing the attributes of the linear combination of eight Gaussian IR pulses as an input to the dynamics code (see Eq. (9) or (12)). In case of UV pulse optimization, the cost function can be expressed as: cost = (X flux − 1) 2 , where X flux (= J H+O−D/H−O+D , see Eqs. (23) and (24)) is the time integrated flux in the desired O-H or O-D mode.
SA is a stochastic, global search algorithm which mimics the process of annealing in metallurgy. SA uses a "temperature" like dimensionless quantity in the simulation procedure, which is kept high to begin with. A high "temperature" has the effect of inducing large thermal fluctuations, which is necessary for surmounting any optimizational barrier, if the search has led the system to be trapped in any local minimum. SA, since its proposition as a method, back in 1983, has been used extensively as a serious optimization tool in solving problems of chemistry and physics. [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] In this SA algorithm, the cost function is evaluated at each SA step. If cost function decreases, the move is accepted right away. Whereas, if cost function increases, even then SA algorithm does not allow the move to be rejected instead forward this move to Metropolis test as briefly presented here. If the change in the value of the cost function in two consecutive SA steps is positive, the probability of accepting the move is determined by the function F = exp(− /T), where is the change in the value of the cost function in two consecutive steps and T is "temperature" like quantity. For > 0, F is always between 0 and 1. A random number "rand" between 0 and 1 is invoked for each evaluation of F. If F > rand, the move is accepted otherwise not. It is to be mentioned that at high value of T, F will be close to 1 and thus, almost all move will be accepted. At this very high value of T, larger region of the search space will be sampled. As the simulation proceeds, T is decreased according to the annealing schedule, where lower the value of T, lower will be the number of moves that qualify the Metropolis test.
V. RESULTS AND DISCUSSION
The initial and optimized values of the parameters of the hybrid IR pulse for different target vibrational levels of the ground electronic state are shown in Tables I-IV. The linear combining coefficients of the initial pulses (Eq. (17)) are assigned with equal weightage and those coefficients undergo changes while optimization processes, but normalization of the coefficients is enforced to be unity. As initial choice, the values of the other parameters (intensity, frequency, and FWHM ) are taken as steadily increasing ones with the number of Gaussian pulses of the linear combining field attribute. At this point, it is important to note that in principle, SA is a global optimizer with "infinity" number of iteration for any arbitrary choice of initial values of the parameters, but such choices could lead the SA as practically inefficient approach reaching to local solution within finite number of iteration. We have explored the optimization of the hybrid pulse with different sets of initial values of the parameters (increasing, decreasing, or both with respect to each other), but all other sets except the presented ones in Tables I-IV apparently reach to the local solutions, i.e., low population in the target vibrational level. We are not claiming that the initial sets of the values of the parameters given in Tables I-IV are the best ones to reach the global solutions, but those are either close to the global solutions or nearby of it.
When the HOD molecule is allowed to interact with a single initial Gaussian IR pulse and the frequency of the laser is in resonance between |0, 0 and target level (|1, 0 or |0, 1 or |2, 0 or |0, 2 ) of the ground electronic state, the molecule does not reach substantially to the target state but to other levels including lower/higher quanta vibrational states and thereby, selectivity of dissociation for OH or OD bond could not be achieved. On the contrary, when we initialize the wavefunction at |0, 0 and target at |1, 0 level of the ground electronic state, optimal population in |1, 0 state become ≈86% after 90 SA steps of optimization of IR pulse as shown in Fig. 1(a) . The IR pulse has been optimized with respect to the field attributes such as FWHM, intensity, carrier frequency, and combining coefficients for each individual pulse. The initial and optimized hybrid pulses are plotted together in Fig. 1(b) . Even though the initial one is a combination of eight closely overlapping pulses, it appears as two color with asymmetrically shaped (in time) overlapping amplitude peaked at around 75 and 110 fs. On the other hand, the optimized one does not remain two color but remain asymmetric shaped in time. The Fourier transform of the initial (time dependent) field profile shows two peaks in the energy domain, where one of them dominates over the other but this domination magnifies with the optimization of the pulse parameters (see the inset in Fig. 1(b) ) and smaller peak disappears, i.e., narrower band in energy domain which is required for selective vibrational excitation. Similarly, if the target vibrational state is either |0, 1 or |2, 0 or |0, 2 of the ground electronic state, such state accumulates the optimum population 67% or 81% or 55% after 200 or 145 or 296 SA steps of optimization of IR pulse. The optimal population and the corresponding IR pulse for the target state either |0, 1 or |2, 0 or |0, 2 are presented in Figs. 2(a) and 2(b) or 3(a) and 3(b) or 4(a) and 4(b) . In all cases, we start with initial IR pulse composed of eight closely overlapping ones essentially showing two color with asymmetrically shaped (in time) amplitude peaked at around 75 and 110 fs and such IR pulse after optimization shows a single peak at different time. Though the Fourier transform of the initial (time dependent) hybrid IR pulse parameters clearly shows two peaks in energy domain, after optimization one peak is clearly magnified with respect to other one. Even in two cases (|1, 0 , |2, 0 ), smaller peak is essentially vanished (see the inset in Figs. 2(b), 3(b), and 4(b) ).
The optimized hybrid field attribute for each of the target levels (|1, 0 or |0, 1 or |2, 0 or |0, 2 ) is fed in the Hamiltonian and the corresponding quantum dynamics has been performed for 500 fs, where the optimized IR pulse is on up to 250 fs and then, the UV pulse is active for the remaining 250 fs. When the target state is |1, 0 , the resulting population distribution due to initial and optimized values of the IR pulse parameters (see Table I ) in various vibrational state is mapped in Figs. 5(a) and 5(b) , respectively. These figures depict that with the initial choice on the values of the pulse parameters, the population is evenly spread over many low quanta vibrational levels, namely, 76% in |0, 0 , 17% |1, 0 , and the rest 7% population is spread over higher overtones such as |2, 0 and |3, 0 , whereas the optimized values of the pulse parameters create about 86% population in J. Chem. Phys. 139, 034310 (2013) |1, 0 state and only 14% population is spread over its higher overtones such as |2, 0 and |3, 0 . When optimized IR pulse is employed, the contour plots of the probability density are at t = 25, 75, 175, and 225 fs as shown in Fig. 5(c) . Since the initial wavepacket for |0, 0 state is perfectly symmetric with respect to O-H and O-D bonds and the wavepacket for the target state |1, 0 is known to be preferentially localized along O-H bond with a single node, the probability density is slightly stretched at 25 fs along the O-H bond, become prominent at 75 fs, and finally turned into a wavepacket very much close to |1, 0 state. Similarly, when the |0, 0 state wavepacket is propagated to populate the target state |0, 1 or |2, 0 or |0, 2 by using the corresponding pulse constructed by the initial choice on the values of the parameters, Figs. 6(a), 7(a), and 8(a) show that the population is dominantly distributed over many low quanta vibrational levels including the target state. On the contrary, with the optimized laser pulse for the corresponding target state, namely, |0, 1 or |2, 0 or |0, 2 , we can achieve a population on that level about 67% or 81% or 55% as depicted in Figs When the UV laser pulse with appropriate carrier frequency (Table V) builds up at 250 fs after the low quanta vibrational excitation from |0, 0 to |1, 0 in the ground electronic state with the use of initial and optimized hybrid IR laser pulse to pump on the excited repulsive state, the population and flux analysis are shown in Figs. 9(a) and 9(b) , respectively. Figure 9 (a) displays that the ground state (GS) population starts decreasing as soon as UV pulse sets on and the population in excited state (ES) rises up to around 320 fs, but then, the excited state population decreases with a kick of flux flow through the O-H mode, i.e., with the absorption of wavefunction at the boundary. When the vibrational excitation is carried out with the initial choice on the values of the hybrid IR pulse parameters, the population is not even completely transferred to the excited state with the onset of UV laser pulse and the corresponding flux for the OH bond breaking grows only up to 21%. On the contrary, if the hybrid IR pulse parameters are optimized to obtained highly populated vibrationally excited molecule and then, the UV pulse sets on, both the ground and excited states population ultimately decays to zero, so that the flux on the J. Chem. Phys. OH channel increases up to 88% leading to absorption of the wavefunction on the boundary. The population on the excited state and its movement either on OH or OD channel (flux) can be visualized by contour plots of the probability density in Fig. 9(c) , where the UV laser pulse pumps the vibrationally excited molecule from the ground electronic state to the repulsive one and the vibrational excitation in the ground electronic state is obtained by employing the optimized IR laser pulse. This figure shows that there is only small probability density transfer from ground to the excited state surface at 275 fs, where with the sufficient transfer of wavefunction, the density starts flowing in O-H channel on the excited state at 325 fs. Similarly, when the vibrationally excited molecule either at |0, 1 or |2, 0 or |0, 2 from |0, 0 due to the use of initial and optimized hybrid IR pulse is pumped by the UV pulse having appropriate carrier frequency (Table V) fast to those channels and the flux increases very sharply in a stepwise manner. If we use the initial hybrid IR laser pulse, the ground state population is not even fully transferred to the excited state during the time span of the UV pulse as depicted in Figs. 10(a), 11(a), and 12(a). On the contrary, when we use the optimized hybrid IR laser pulse, the population is completely transferred from the ground to the excited one due to the UV pulse and then, the excited state population decays after 320 fs with the growth of flux either on the OH or OD channel. The movement of the population on the excited state either in OH or OD channel are shown as probability density plots in Figs by the corresponding UV pulse (see Table V ). Those probability densities on the excited state at 275 fs are very little and then, grows on the same surface at 300 fs followed by a decay at 325 fs due to absorption of the wavefunction on the boundary. As the population in the low quanta vibrational levels |1, 0 or |2, 0 or |0, 2 due to state specific optimized hybrid IR pulse and the corresponding dissociation/flux either along OH or OD bond on the repulsive surface by UV pulse is so close, the optimization of the UV pulse is not required. On the contrary, since the difference between the population in |0, 1 due to the use of optimized hybrid IR pulse and its dissociation on repulsive surface by simple UV pulse is so much, we intend to optimize the UV pulse parameters (see Table V ), and find different population profile (see inset of Fig. 10(a) ) and higher flux (58%) than the simple UV one (55%) (see inset of Fig. 10(b) ). At this point, we wish to J. Chem. Phys. optimized parameters for the pulses decreases significantly. At this point, we wish to mention the peak intensities for the corresponding maximum pulse amplitudes are taken from 12 to 94 TW/cm 2 in our calculations, where such intensities are not really far away from several experimental 20, 23 and theoretical 27, 29, 34 studies on such systems.
VI. CONCLUDING REMARKS
When the quantum dynamics for selective bond dissociation of a triatomic molecule in presence of IR and UV laser field is interfaced with a stochastic optimizer, namely, simulated annealing, it is possible to obtain maximum population in a desired low quanta vibrational level through the optimization of various parameters of the hybrid IR pulse and then, quite high flux for the dissociation of a desired bond using simple/optimized UV pulse field. In order to demonstrate the workability of such a compound scheme (dynamics + optimization), we consider the HOD molecule as model system, choose |0, 0 vibrational state as the initial one and selectively populate either |1, 0 or |0, 1 or |2, 0 or |0, 2 of the ground electronic state to pump on the repulsive one by the UV field for desired bond dissociation either on OH or OD mode. We have performed quantum dynamics for 500 fs, where the optimization of the IR pulse is carried out for 250 fs before we apply the UV pulse for the maximum dissociation of a specific bond. This scheme has been done repeatedly until the maximum population in the target vibrational state either at |1, 0 or |0, 1 or |2, 0 or |0, 2 saturates to 86% or 67% or 81% or 55%, respectively. Finally, the molecule is pumped by UV pulse to the repulsive excited state, which leads to preferential breaking of O-H or O-D bond according to prior excitation in respective mode. Selective breaking of O-H appears as 88% from |1, 0 and 85% from |2, 0 , where the preferential breaking of O-D is marked about 58% from |0, 1 and 59% from |0, 2 .
We compare the results between with and without optimized hybrid IR laser pulse and found widely different populations at specific target vibrational level. On the contrary, when the optimized hybrid IR pulse is used to populate a specific target state and then, the UV pulse is allowed to interact for dissociation, the difference between the population at that vibrational level of the ground electronic state and the corresponding flux/dissociation through the repulsive surface is very small. If there is a difference between them like O-D dissociation through |0, 1 state, the optimization of the UV pulse has been done to reduce such problem. In this specific case, the difference arises probably due to the initial choice on the values of the hybrid IR parameters that leads to local solution by SA technique instead of reaching to the global one.
These results are quite encouraging for this lower level stochastic optimizer (SA). To get more population in the desired vibrational level, we would like to use higher level multitemperature variant of SA and genetic algorithm (GA). On the other hand, this type of soft computing for the optimization of pulse could be interfaced in an experimental setup, where the IR or even UV laser pulse shape may be modulated through stochastic algorithm.
